Abstract-Power flow studies are very important in the planning or expansion of power system. With the integration of distributed generation (DG), micro-grids are becoming attractive. So, it is important to study the power flow of micro-grids. In grid connected mode, the power flow of the system can be solved in a conventional manner. In islanded mode, the conventional method (like Gauss Seidel) cannot be applied to solve power flow analysis. Hence some modifications are required to implement the conventional Gauss Seidel method to islanded micro-grids. This paper proposes a Modified Gauss Seidel (MGS) method, which is an extension of the conventional Gauss Seidel (GS) method. The proposed method is simple, easy to implement and accurate in solving the power flow analysis for islanded microgrids. The MGS algorithm is implemented on a 6 bus test system. The results are compared against the simulations results obtained from PSCAD/EMTDC which proves the accuracy of the proposed MGS algorithm.
I. INTRODUCTION
Power flow studies play an important role in the planning, expansion and optimal operation of power system. Well developed power flow methods (Gauss, Gauss-Seidel, NewtonRaphson) are presented in [1] . In the recent years, scientists have focused their research in the area of grid integration of renewable energy and distributed generation (DG), which has lead to the evolution of micro-grids. These micro-grids operate either in grid connected or islanded modes. In grid connected mode, the frequency is maintained by the grid, but in islanded mode it are not constant. Several approaches have been proposed to solve power flow for islanded microgrids [2] , [3] . However, these approaches are based on the assumption to classify the droop bus (the bus at which the DG is connected) either as slack, PV or PQ bus, which is invalid in case of islanded micro-grid because size of DGs are usually small and cannot act as an infinite source of power. Also in islanded micro-grid, classification of all the DGs to be PV or PQ buses is not possible [4] .
The slack bus and frequency dependency issues have been recently addressed in [5] - [7] , where power flow for islanded micro-grid is proposed using droop characteristics of DGs. A novel and generalized three phase power flow solved using Newton-trust region method is proposed in [5] . In [7] , particleswarm technique is proposed for load flow of micro-grids. Literature suggests that the conventional load flow algorithms like Gauss and Gauss Seidel (GS) are valid only for conventional power system and cannot be implemented to islanded microgrids [5] , [7] .
In this paper, a simple and accurate approach is proposed that is a modification of the conventional power flow method (Gauss Seidel) to solve the power flow problem for islanded micro-grids. The method is validated by comparing the results obtained with the simulation results obtained using time domain PSCAD/EMTDC model.
II. SYSTEM MODELING

A. Load Modeling
The active and reactive load demand can be expressed as exponential functions of voltage and frequency [5] .
where V o is the nominal voltage; P Lo and Q Lo are the active and reactive power corresponding to the nominal operating voltage, respectively; (ω − ω o ) is the deviation in the angular frequency. K p and K q are the frequency sensitivity parameters [8] , [9] . Exponent values (α and β) for different of loads are given in Table I . As mentioned above, the system frequency is not constant in islanded micro-grids, and thus it affects the line reactance and as a result Y bus is not constant but a function of the system frequency given by (3) .
where Y kn (ω) is the admittance between bus k and n.
C. Distributed Generation (DG) Modeling
In grid connected mode, DGs are usually modeled as PV or PQ buses. In islanded mode, since there is no slack bus, it is impossible to model all the DGs as PV or PQ buses. So DGs in an islanded micro-grids are modeled as droop buses [5] . The complex power delivered to the bus can be represented by
where P and Q are the active and reactive power delivered to the bus, respectively, and are given by [12] 
where E is the magnitude of the inverter output voltage, φ is the power angle, and Z and θ are the magnitude and the phase angle of Z, respectively. For an inverter based DG, its output impedance can be assumed to be inductive [13] . Assuming the output impedance of DG to be inductive, the above equation can be written as
where X is the output impedance of the DG. From (6), it can be observed that for a small value of φ, the active power is dependent upon the power angle φ and the reactive power is dependent upon the voltage amplitude difference. Based on the above equation the most commonly adopted droop equations for a DG can be expressed as [14] , [15] 
where m p and n q are the frequency and voltage droop coefficients, respectively. In this paper, conventional droop equations ( (7) and (8)) are considered, but the method is valid in case of resistive or complex output impedance and can be implemented by replacing conventional droop equations ( (7) and (8)) with resistive or complex droop equations [12] , [17] .
III. PROPOSED POWER FLOW METHOD The proposed power flow approach is based on the conventional GS method. The Modified Gauss Seidel (MGS) is developed by combining droop characteristics of DGs with the conventional GS power flow analysis.
A. Types of Buses
The well defined types of buses in the literature are slack, PV and PQ buses. The selection of bus depends upon the prespecified quantities. In this work, DG buses are classified as VF dependent (droop) buses, in which the active and reactive powers of DGs depend upon the system frequency and bus voltage. For the reference, voltage angle of bus#1 is set to zero. In general, any bus can be a reference bus.
B. Problem Formulation
To apply GS method to an islanded micro-grid some modifications are required. Firstly, since there is no slack bus so the voltages for all the buses are variable. Secondly, the system frequency is also variable, and is required to be calculated. Also, the Y bus needs to be included in the iteration procedure because Y bus is a function of system frequency and it will change after every iteration. Furthermore, the losses in the system need to be distributed among the DGs. To address these issues, Modified Gauss Seidel (MGS) is proposed.
C. Modified Gauss Seidel Method
MGS is solved in two steps. The first step is same as conventional GS method but with some modification. The step starts with the assumption of voltages to be 1 0
• but in this case bus#1 (conventionally treated as slack bus) is also a variable. Furthermore, frequency is also assumed to be 1 p.u. which is calculated in second step of MGS. So there are two extra variables involved in MGS calculations. The variable vector is given by
where ω is the system frequency. V is the complex voltage vector (including bus#1). The steps involved in the MGS power flow are shown in Fig. 1 . To solve the first step i.e. for voltages at all buses the conventional GS voltage expression is used which is given by [1]
where V i+1 k is the voltage for iteration i + 1 at bus k. P k and Q k are net active and reactive powers at bus k, respectively. For all PQ buses in the system, the above equation can be solved because both P and Q are known. In case of a PV bus, the reactive power is calculated using
Once the Q for the PV bus is calculated, it has to be checked for violations of its limits. Additionally, for the PV bus, once the voltage (as per (10)) is obtained, the magnitude is set back to the pre-specified value and the angle is retained. For the VF dependent, buses both active and reactive power are unknown. To calculate the active and reactive power of VF dependent buses droop equations can be used. From (7) and (8), the active and reactive power of the VF dependent bus can be calculated as
If the active and reactive powers from (12) and 13), respectively violate the limit, they are set to their respective limit, and voltage is calculated using (10) . Once the first power flow equation is solved to obtain the voltages of all buses in the system for the (i + 1) iteration, the active power losses in the system are calculated. Now the second step in MGS involves frequency calculations. Since the frequency is global, all the droop buses in the micro-grid will supply active power at the same angular frequency. In an islanded micro-grid with all the DGs operating as droop based DGs, the sum of active powers of all DGs is the total active power generation of micro-grid (P sys ) and can be represented as
P sys can be replaced by the total active power demand (P load ) plus active power loss (P loss ). Thus (14) , can be modified to the following
Equation (15) can be rearranged to calculate ω as
Now the second power flow equation is solved for ω i+1 using (16) . As the frequency changes in each iteration, Y bus is calculated in each iteration and updated values are used to calculated the voltages. The error (∆x) is evaluated, which is the difference of x i and x i+1 . If the convergence criterion is met, the system line flows are evaluated.
IV. VALIDATION OF THE PROPOSED METHODS
To validate the proposed power flow method, the method is applied to a 6 bus test system (shown in Fig. 2) . The parameters for the test systems are given in Appendix. Values of active and reactive power static droop gains are 9.4×10 − 5rad/s/W and 0.0013V /V AR, respectively. Three cases have been studied.
Calculate Y bus droop bus?
if values exceed limit, set to limit
Calculate system losses Table II . Total active power loss in this case is 0.28 p.u., and system frequency converges to 0.99903 p.u. In case II, constant impedance load type (L T = KI) is considered and the results are presented in Table III . Total active power loss in this case is 0.24 p.u., and system frequency converges to 0.99911 p.u. All the DGs supply same amount of active power because all DGs operate in droop mode and the droop coefficients are same for all DGs.
In case 3, MGS is validated for an islanded microgrid with mix of DGs operation. DG#1 operates in PV mode while DG#2 and DG#3 operate in droop mode. The PV bus (bus#3) supplies a fixed active power of 4.0 p.u. while regulating its voltage to operation of micro-grid, where DGs share the load demands keeping the system frequency and voltages within specified limits. The method has been tested on a test systems under different load dependency conditions. A good agreement of the results indicates the accuracy of the proposed method. The convergence of GS is often criticized with the increase in size of the test system, but in case of islanded micro-grids, the proposed method can be a useful tool for planning and operation.
APPENDIX
Line data for the 6-bus test system is given in Table V . 
